In plants, miRNAs are in general processed from long primary transcripts of miRNAs (pri-miRNAs) via precursor miRNAs (pre-miRNAs) by three core-processing proteins; DICER-LIKE1 (DCL1), HYPONASTIC LEAVES 1 (HYL1), and SERRATE (SE) [1] [2] [3] [4] [5] [6] . DCL1 is the RNase type III slicer that cleaves 5 0 -and 3 0 -overhangs of pri-miRNAs to produce pre-miRNAs and further cuts the loop region of pre-miRNAs to eventually release miRNAs [7, 8] . In the two stepwise cleavages, two guiding proteins-HYL1 and SE-are indispensable for the precise processing of miRNAs. HYL1 is a double-stranded RNA-binding protein which binds to the miRNA/miRNA* duplex region with its tandem RNA-binding motifs. Through one of the RNA-binding motifs, RNA-binding domain 2 (RBD2), HYL1 is able to directly interact with DCL1 and SE to mediate precise pri-miRNA processing [8] [9] [10] . SE is a zinc-finger protein that enhances the accuracy of pri-miRNA Abbreviations HEN1, HUA ENHANCER 1; RBD2, RNA-binding domain 2; co-IP, coimmunoprecipitation; DCL1, DICER-LIKE1; DS, double strand; FRET, fluorescence resonance energy transfer; HIGLE, HYL1-interacting GIY-YIG-like endonuclease; HYL1, HYPONASTIC LEAVES 1; MBP, maltosebinding protein; NLSs, nuclear localization signals; ROI, region of interest; SE, SERRATE; SS, single strand.
processing by forming the core microprocessor with DCL1 and HYL1 [8, 11, 12] . The processed miRNA/ miRNA* duplexes are further modified by HUA ENHANCER 1 (HEN1). HEN1 adds a methyl group to the 2 0 -OH position of miRNA/miRNA* to protect them from unspecific conjugation of poly-uridines and subsequent degradation [13] . The methylated miRNA/miRNA* duplexes are then transported to cytoplasm by HASTY, the Arabidopsis homolog of the human nucleocytoplasmic transport factor Exportin-5 [5] . Many proteins were additionally defined as conjoint components to the core microprocessor [14, 15] . DAWDLE is a fork-head associate domain protein that interacts with DCL1 and probably stabilizes pri-miRNA transcripts [14] . TOUGH is a Gpatch and SWAP domain protein that promotes primiRNA recruitment to HYL1 and enhances the primiRNA processing efficiency as a component of the core microprocessor complex [15] . REGULATOR OF CBF GENE EXPRESSION 3 is a cofactor for miRNA biogenesis that interacts with C-TERMINAL DOMAIN PHOSPHATASE-LIKE1 and 2 [16] . CDC5, a MYB-type DNA-binding protein, positively regulates accumulation of miRNAs through the direct interaction with DCL1 [17] . RECEPTOR FOR ACTIVATED C KINASE 1, a scaffold protein, associates with SE and AGO1 in miRNA biogenesis [18] . In addition, MODIFIER OF SNC1 2 binds to primiRNAs and enhances the processing of pri-miRNAs without direct interactions with the core microprocessor [19] . Several components play roles both in the splicing of mRNA and miRNA biogenesis. For instance, two cap-binding proteins, ABH1/CBP80 and CBP20, and STABILIZED 1 regulate the splicing of intron-containing pri-miRNAs [20] [21] [22] [23] . The RNAbinding protein HIGH OSMOTIC STRESS GENE EXPRESSION 5 and serine/arginine-rich proteins RS40 and RS41 are pre-mRNA splicing factors and those directly interact with HYL1 and SE for miRNA biogenesis [24] . THO2 interacts with miRNA precursors to recruit such precursors into the miRNA-processing complex [25] .
In this study, we isolated a new gene by performing yeast two-hybrid screening assay using HYL1 as bait. The isolated gene has a well-conserved GIY-(X 10-11 )-YIG endonuclease domain which is widely present across kingdoms including viruses, bacteria, plants, and animals [26] . Accordingly, we named the gene as HYL1-interacting GIY-YIG like endonuclease (HIGLE) and further investigated the interaction between HIGLE and microprocessor proteins and its enzyme activity.
Material and Methods

Plant material, growth conditions, and generation of transgenic lines
The transgenic lines used in this study were in the Columbia background. Sterilized seeds were germinated on MS medium. Constructed genes were introduced into plants by Agrobacterium (EHA105 strain)-mediated infiltration using the floral dip method [10] .
Construction of overexpression lines
Full-length cDNA of HYL1 and HIGLE were cloned into pENTR/D vector. These cDNAs were placed downstream of a 35S promoter with various C-terminal tags and the resulting clones were used to transform WT to generate WT/35S-HIGLE-6Myc, WT/35S-HIGLE-RFP, and WT/ 35S-HYL1-CFP/35S-YFP-HIGLE transgenic lines.
Construction of Escherichia coli expression vectors and protein purification
The GIY-YIG domain DNA fragment (540 bp) and Cterminal DNA fragment (560 bp) of HIGLE were amplified with the primer set in Table S1 and cloned into pENTR/D vector, following LR reaction with MBP-DC-3HA to generate MBP-HIGLEN-3HA and MBP-HIGLEC-3HA, respectively. All GST-fusion clones were constructed by inserting DNA fragments of HYL1, SEN, SEM, and SEC into pGEX-4T-1 (GE Healthcare, Waukesha, WI, USA). HIS tag-fused HYL1, RBD1 + 2, RBD1, and RBD2 were generated by cloning to pProEX-DC. Escherichia coli, BL21 (DE3) strain, harboring expression vectors was incubated at 37°C for 2 h, shifted to 18°C and incubated for an additional 12 h after IPTG (0.4 mM) induction. Cultured cells were disrupted by sonication. MBP-fused proteins were purified with Amylose resin (NEB, Ipswich, MA, USA), GST-fused proteins were purified by using Glutathione Sepharose resin (GE healthcare), and HIS-fused proteins were purified with Ni-NTA resin (Thermo Fisher Scientific, Waltham, MA, USA). Extraction and purification of recombinant proteins from E. coli were as described more in previously article [10] . Point mutagenesis of HIGLE was performed with Quikchange II XL site mutagenesis Kit (Stratagene, La Jolla, CA, USA).
In vitro pull-down assay
For in vitro pull-down assays, 1-2 lg of target proteins was incubated with 2 lg of GST-fused or MBP-fused bait proteins and glutathione sepharose 4B or MBP amylase beads (25 lL) for 2 h at 4°C. Pulled down proteins were extensively washed with buffer (50 mM Tris-HCl, pH 7.4; 100 mM NaCl; 0.6% Triton X-100) before analyzing by western blots using anti-HA (Sigma, St. Louis, MO, USA) or anti-HYL1 antibody.
In vivo coimmunoprecipitation
For in vivo coimmunoprecipitation, 3-week-old transgenic Arabidopsis seedlings (WT/35S-HIGLE-6Myc and hyl1-2/ 35S-HYL1-6Myc) were grown under long day conditions (18 h light; 22°C). Samples were ground in liquid nitrogen and suspended in IP buffer (50 mM Tris-HCl; pH7.5, 100 mM NaCl, 0.6% Triton X-100, 1 mM DTT, 50 lM MG132, 19 Protease Inhibitor cocktail). 5 lg of anti-Myc monoclonal antibody (Sigma), anti-HYL1, anti-SE antibody were used to immunoprecipitate tagged proteins and endogenous complex. Immunoprecipitates were then analyzed using anti-HIGLE antibody, anti-HYL1 antibody, and anti-SE antibody.
In vitro enzyme assays
Commercially synthesized DNA substrates (D1 and D2) and RNA substrates (R1 and R2) were used for junction-specific enzyme assay after end-labeling with 32 c-ATP. Both DNA and RNA Junction substrates (DY1, DY2, RY1, and RY2) were prepared by annealing at room temperature. The substrates were incubated with recombinant MBP-HIGLE for 30 min in the reaction buffer (Tris-Cl pH 7.5, 100 mM NaCl, 10 mM MgCl 2 ). The reaction samples were separated by 15% PAGE gel electrophoresis. For pre-miRNA and DNA processing assay, pre-miR160a and pre-miR164b transcripts were labeled with 32 a-UTP during in vitro transcription. Then, 0.5-3.0 9 10 À8 g of HIGLE and 3 9 10 À6 M of premiRNAs were added to the reaction buffer (Tris-Cl pH 7.5, 100 mM NaCl, 10 mM MgCl 2 ) and incubated at 30°C for 1 h. Reconstitution of HYL1/SERRATE complex was performed by adding 1.0-3.0 9 10 À7 M of each protein. Reaction products were precipitated with ethanol (100%)/sodium sulfate (3 M) after purification with 19 volume of chloroform and resolved in TBE buffered PAGE (15%) gel electrophoresis (National Diagnostics, Atlanta, GA, USA) with 32 c-ATPlabeled RNA size marker (Ambion, Austin, TX, USA) and 32 c-ATP-labeled 21 nucleotide miRNAs. After electrophoresis, gels were dried for 1 h and exposed to X-ray film and phosphoimager.
Acceptor photo-bleaching FRET of WT/HYL1-CFP/HIGLE-YFP transgenic lines
Seven-day-old Arabidopsis seedlings were analyzed using the method described in [27, 28] . The following corrections were used: background subtraction, correction for donor photo-bleaching during the acquisition cycle (3%), correction for acceptor cross-talk into the donor channel (3.7%), correction for acceptor photoproduct formed upon bleaching (2.2%), and correction for the incomplete photo-bleaching of the acceptor (in the range of 5-10% unbleached fraction). In the calculated fluorescence resonance energy transfer (FRET) efficiency maps, pixels below 1 and above 1 were rejected. A region of interest (ROI) corresponding to nucleus were defined in the thresholded donor image using the analyze particles function implemented in IMAGEJ software (http://rsb.info.nih.gov/ij). The ROI (nucleus) were then rejected from further analysis if (a) the percentage of pixels above background in the ROI changed by more than 5% in the postdonor image, (b) over 15% of the pixels showed out-of-range FRET efficiency and was, therefore, set to NaN, and (c) the averaged FRET efficiency was below À0.05. For valid ROIs, average FRET efficiency was calculated and its distribution function generated. The histogram presented in Fig. 2D is representative of several nuclei analyzed.
Phylogenetic analysis
Alignment of protein sequences of synthetic lethal of unknown function 1 (SLX1) orthologs was performed with ClustalW and the evolutionary relationship was performed using the neighbor-joining method in MEGA6 software [29, 30] . The optimal tree had the sum of branch length of 2.71496632. The evolutionary distances were conducted in MEGA6.
Results
HIGLE is a GIY-YIG protein that directly interacts with HYL1 and SE
By applying yeast two-hybrid screening, we isolated a clone for a HYL1-interacting protein from a library of protein-coding sequences (Fig. 1A) . Sequencing analysis showed that the clone is perfectly matched to a gene (At2g30350), encoding a GIY-YIG DNA endonuclease. We named the gene as HYL1-interacting GIY-YIG-like endonuclease (HIGLE) (Fig. 1B) . BLAST analysis showed that the GIY-YIG domain of HIGLE belongs to the SLX1-cluster of GIY-YIG endonuclease family. In yeast and animals, SLX1 has important roles in the symmetric cleavage of Holliday Junction, DNA Damage Repair, and the maintenance of genome integrity in yeast and animals [31] [32] [33] . SLX1 consists of two major domains, a GIY-YIG domain and a ring-type DNA-binding domain. The latter is responsible for the recognition of target DNA and the former is a structure-specific endonuclease that cleaves single-stranded 5
0 -flap of Y-shape junction structure and loop structure of double-stranded DNA [26] . As compared to SLX1 proteins, HIGLE has a GIY-YIG domain without a clearly defined ring-type DNA-binding domain. HIGLE in general shares 16-38% identity with the other SLX1 proteins, with an unidentified maize protein (GI: 212723530) being the most closely related (38% identity); HIGLE also shows similarity to human SLX1 (20% identity) and yeast SLX1 (16% identity). These similarities in the GIY-YIG domains indicated that HIGLE could have a structure-specific endonuclease activity (Fig. 1C) .
Using in vitro pull-down assay, we investigated whether HIGLE is able to directly form a protein complex with HYL1. For the assay, HIGLE, N-terminal, and C-terminal deletion derivatives were expressed as fusion proteins with a maltose-binding protein (MBP) and three HA tags at their N termini and C termini, respectively. Then, the fusion proteins were purified using MBP-affinity chromatography. Similarly, HYL1 and deletion derivatives (N-terminal region including two RNA-binding domains, RNAbinding domain 1 and RNA-binding domain 2) were expressed and purified with histidine-affinity chromatography (Fig. 1D) . MBP-fused HIGLE-HA protein was mixed with the HIS-fused HYL1 and deletion derivatives and then pulled down with amylose resins. MBP-HIGLE-3HA was able to pull down HYL1 and N-terminal fragment (RNA-binding domain 1 and 2) but not the individual RBD1 or RBD2. Neither HYL1 nor the deletion derivatives were retrieved when the negative control MBP protein was used as bait (Fig. 1E) . On the other way around, we used GST-fused HYL1 as bait to define the interacting domain of HIGLE. GST-HYL1 associated with the N-terminal part of HIGLE (Fig. 1F) . These results suggested that HIGLE directly interacts with N-terminal region of HYL1 via its GIY-YIG domain. Next, we tested whether HIGLE was able to interact with SERRATE. GST-fused SE-deletion derivatives were similarly prepared as mentioned above and used as baits. The N-terminal and middle regions of SE interact with the GIY-YIG domain of HIGLE as well (Fig. 1F) . In both cases, GST alone did not interact with HIGLE or the deletion derivatives, indicating specificity of the binding assays. Taken together, these results suggested that the GIY-YIG domain of HIGLE mediates the direct associations with the N-terminal part of HYL1 and the N-terminal and middle parts of SE.
HIGLE associates with HYL1 and SE in vivo
To recapitulate the interactions in vivo, we performed coimmunoprecipitation (co-IP) using WT/35S-HIGLE6Myc or hyl1-2/35S-HYL1-6Myc transgenic lines. Antibodies against HIGLE, HYL1, and SE were used to determine anti-MYC antibody-precipitated proteins (Immuno-complexes). Figure 2A shows that HYL1-6myc is able to coimmunoprecipitate with endogenous HIGLE. A silenced transgenic line (#3) was used as a negative control to ensure the binding specificity. Likewise, we observed that HIGLE-6Myc is also able to associate with endogenous SE (Fig. 2A) . The coimmunoprecipitation experiment for SE/HIGLE was validated using a silenced transgenic line (#18) as a negative control. In eukaryotes, defined GIY-YIG endonucleases are functional in the nucleus and HIGLE has also two nuclear localization signals (NLSs) both at the N-terminal and C-terminal regions (Fig. 1B) . Thus, we tested the subcellular localization of HIGLE and found that HIGLE-RFP was majorly localized in the nucleus of WT/35S-HIGLE-RFP transgenic seedlings (Fig. 2B) . Next, to visualize the interaction between HIGLE and HYL1, we used WT/35S-HYL1-CFP/35S-HIGLE-YFP double transgenic lines. As shown in Fig. 2C , HIGLE-YFP was highly expressed together with HYL1-CFP in the nuclei, demonstrating that HIGLE and HYL1 are simultaneously localized in the nucleus. However, we could not observe clear colocalization speckles in the transgenic seedlings. Therefore, we performed FRET analysis to define the physical proximity between HIGLE and HYL1. By applying HYL1-CFP and HIGLE-YFP as a donor-acceptor pair, respectively, we observed efficient energy transfer from the donor to the acceptor, implying the proteins are close enough to bridge two fluorophores within the favorable proximity for energy transfer (less than 100 A). The interaction seems to occur regionally in the nucleus rather than to be partitioned as speckles or dicing bodies and that may be due to the enhanced expression levels of two proteins under the control of 35S promoter (Fig. 2D) . Using tobacco transient expression system, we monitored the colocalization of three proteins-HYL1-YFP, SE-CFP, and HIGLE-RFP-at the same time. In this experiment, we found that the three proteins were colocalized as speckles in the nucleus (Fig. 2E,F) . Taken together these analyses of protein associations demonstrate that HIGLE is able to form a complex with HYL1 and SE.
The structure-specific RNase and DNase activities of HIGLE Synthetic lethal of unknown function 1 is a type of structure-specific endonuclease that removes a singlestranded DNA from the double strand (DS)/single strand (SS) junction via its 3 0 -to-5 0 nuclease activity [31] . Applying substrates with a well-defined DS/SS junction such as stem-loop structured DNA and Yshaped DNA, it was demonstrated that yeast Slx1 cleaves the 3 0 -to-5 0 single strand close to the junction of a Y-shaped DNA [31] . Thus, to investigate whether HIGLE has a junction structure-specific nuclease activity, we performed enzyme assays using the Y-shaped DNA as a substrate. We prepared two differently labeled Y-shaped DNA substrates and named them as DY1 and DY2. The substrates are identical in sequence but labeled in different positions; one was labeled with a radioactive phosphate at the 5 0 end of the double-stranded region (DY1) and the other was conjugated at the 5 0 end of the open single strand (DY2). Similar to the activity of yeast Slx1, HIGLE efficiently cleaved the 3 0 -to-5 0 overhang (~11 thymine nucleotides) at the point of junction of DY2, but retarded in the processing of 5 0 -to-3 0 overhang strand of DY1 (Fig. 3A) . This result demonstrated that HIGLE has a structure-specific DNase activity. A recent phylogenetic study suggested that GIY-YIG proteins and RNaseH1 might have evolved from the same generic ancestor, an RNA-binding protein [26] . Moreover, many studies reported that several homing endonucleases display bifunctional DNase and RNase activities [34, 35] . Therefore, we examined whether HIGLE plays an additional role as RNase, although there was no report of bifunctionality in the class of GIY-YIG endonucleases. For the test, we substituted the Y-shaped DNA substrate into Y-shaped RNA substrate and named them RY1 and RY2. Interestingly, the 3 0 -to-5 0 single strand of RY2 (~11 nt of uracils) was efficiently cleaved by HIGLE, showing that HIGLE is a bifunctional nuclease. Slightly different to its DNase activity, HIGLE showed a relatively efficient RNase activity in removing the 5 0 -to-3 0 strand of RY1 (~11 of uracils) (Fig. 3B) . By testing single-stranded RNA substrates as controls, the structuredependent RNase activity of HIGLE was confirmed (Fig. 3C ). We expressed and purified HIGLE from E. coli in which many endogenous endonucleases exist.
To ensure the HIGLE-dependent nuclease activity, we introduced point mutations at the conserved arginine (R53A) and glutamic acid residues (E103A) within the GIY-YIG domain. The equivalent residues in yeast SLX1 and E. coli UvrC proteins are essential for their 3 0 -to-5 0 nuclease activity. While the N-terminal regions of HIGLE and full-length HIGLE successfully removed the single strand from the Y-shaped RNA substrate, neither the double-point mutant nor C-terminal region of HIGLE were competent in cutting 3 0 -to-5 0 single strand (Fig. 3D) . These results showed that HIGLE is a novel bifunctional nuclease. Based on these results, we further investigated whether HIGLE is able to cleave pre-miRNAs, which have many Y-shaped structures such as bulges and branches.
HIGLE efficiently cleaves pre-miRNAs in vitro
Using an in vitro transcription system, we prepared two pre-miRNA-like substrates, pre-miR160a and premiR164b, by incorporating radiolabeled UTPs. PremiR160a has three bulged structures (local Y-shaped structures) in the stem-loop structure and pre- (Fig. 4A,C) . Based on the structure-specific activity of HIGLE, we expected that HIGLE could specifically recognize the bulge structures for its activity. By increasing the concentration of HIGLE (0 to 3.0 9 10 À8 g), we monitored whether the fold-back stem of the substrates can be processed into shorter fragments. Indeed, in the catalytic assay, two fragments (~35 nt and~40 nt) from premiR160a were generated by the RNase activity of HIGLE (Fig. 4B) . Likewise, five fragments (four bands between 35 nucleotides and 50 nucleotides and one band around~20 nucleotides) from pre-miR164b were produced by HIGLE (Fig. 4D) . Because HIGLE has structure-specific and sequence tolerance activity, we considered that the different patterns of cleavage may be caused by the difference in the bulge structures between the two fold-back stem substrates (Fig. 4A,B) .
Addition of crude extracts from E. coli or RNase A digested the pre-miR160a substrate into nucleotides, showing the specificity of HIGLE activity (Fig. 4B, left  panel) . The specificity of enzyme was also confirmed by a double-point mutant R53A/E103A protein (Fig. 4D, right panel) . Furthermore, the RNase activity of HIGLE was blocked by HYL1 and/or SE, implying that the accessibility to the substrates of HIGLE is controlled by HYL1 and SE (Fig. 4B,D) .
With these results, we suggest that HIGLE is able to cleave pre-miRNAs under the tight guidance of HYL1 and SE in vitro.
Discussions
Many RNase are involved in mature miRNA turnover and removal of cleavage products. For instance, DCL1 cleaves loops and single-stranded overhangs from pri-miRNAs and the cleavage loops are degraded by both 5 0 -3 0 EXORIBONUCLEASE 2 (XRN2) and 5 0 -3 0 EXORIBONUCLEASE 3 (XRN3) in the nucleus [36] . SMALL RNA DEGRADING NUCLEASE 1 (SDN1) degrades single-stranded miRNAs and is sensitive to the 2 0 -O-methyl modification of miRNAs. Deficiency of all three SDN genes results in elevated miRNA levels and developmental defects in plants [37] . In addition, we have here reported that HIGLE is a new type of endonuclease that associates with HYL1 and SE. HIGLE is able to cleave the stem-loop structure of miRNA precursors in vitro and the cleavage activity seems to be suppressed by HYL1 and SE. However, we could not clearly define the functions of HIGLE in planta, because of difficulties in the screening of knockout or knockdown mutant plants: unusual segregation patterns of T-DNA mutants during serial back-crosses and the instability of RNAi lines through the generations.
Although physiological evidence on the functions of HIGLE is still scant, this study provides two perspectives. First, DCL1 could not be the only endonuclease for cutting miRNA precursors. Previous studies revealed that many of miRNA precursors have a lower stem of $ 15 nucleotides with a large bulge below the miRNA/miRNA* and this part is important for the initial DCL1 activity. Then, DCL1 conducts the second cut in the stem at 21 nucleotides from the first cut [38] [39] [40] . However, this system cannot be applied to all miRNA precursors in plants. Because the stem-loop structures of plant miRNA precursors are highly varied in length from 50 to~500 nucleotides in contrast to the stem-loop structures of pri-miRNAs have even sizes of~65 nt in animals [41] . The role of structural determinants in plant pri-miRNAs might be different to those in the animal pri-miRNAs. For instance, the presence of large numbers of bulges in some pri-miRNAs in plants seems to regulate the levels of those miRNAs [42] . Furthermore, a recent study suggested how this long and multibranched terminal loopscomplex secondary structures of pri-miRNAs-can be bidirectionally processed by DCL1 [43] . Therefore, we speculate that the structural complexity of miRNA precursors might also reflect the possible presence of additional endonucleases for cutting various bulges and multibranched terminal loops. HIGLE could be a candidate for the structure-specific cleavage of miRNA precursors.
Second, HIGLE is the first identified bifunctional GIY-YIG endonuclease. To date, six major families of homing endonucleases were classified based on their conserved amino acid motifs; LAGLIDADG, H-N-H, His-Cys box, PD-(D/E)-xK, Vsr-like, and GIY-YIG [44, 45] . Among the homing endonucleases, most of bifunctional enzymes with RNase and DNase activities have been defined as maturases and those are exclusively members of LAGLIDADG family [35] . This study revealed a new type of bifunctional homing endonuclease that belongs to GIY-YIG family. Unlike the functions of other GIY-YIG endonucleases, HIGLE is able to cleave both Y-structured DNA and RNA.
We think that the characterization of HIGLE functions by studying CRISPR-mediated mutants will be a future challenge to clearly answer whether HIGLE is involved in homologous recombination or in miRNA biogenesis or in both of the pathways.
